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Abstract: We investigated the magnetic field effects (MFEs) in organic light-emitting 
diodes (OLEDs) through the transient electroluminescence (EL) method. The 
time-resolved MFEs on the emission were obtained for the first time, which would be 
a useful method to clarify the underlying mechanisms of the MFEs. The fluorescent 
dye doped tri-(8-hydroxyquinoline)-aluminum (Alq3) based OLEDs were fabricated. 
Then, the transient EL was measured both with and without a magnetic field. To 
explore the time-resolved MFEs on the emission of the device, the excitons 
population dynamics in the device have been analyzed by a kinetic model. Our results 
suggest that both the intersystem crossing between the singlet and triplet electron-hole 
pairs and the triplet-triplet annihilation perturbed by the external magnetic field cause 
the time-resolved MFEs. 
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Since kalinowski et al. reported that the current and electroluminescence (EL) of 
tri-(8-hydroxyquinoline)-aluminum (Alq3) based organic light-emitting devices 
(OLEDs) can be enhanced by a relatively weak magnetic field (<500mT) [1], the 
magnetic field effects (MFEs) on the electroluminescence (namely, MEL) and on the 
current (namely, MC) of the organic devices with non-magnetic electrodes have been 
investigated extensively [2-25]. To explore these novel phenomena, several models 
have been proposed, such as the electron-hole pairs (EHP) model [1,8], the bipolaron 
model [5], the triplet-polaron interaction (TPI) model [9.15], the triplet-triplet 
annihilation (TTA) model [16,17], and so on. It should be mentioned that even though 
each of these models can account for some experimental phenomena, none of them 
are suited for a fully consistent interpretation of all data reported. Therefore, further 
studies might find ways to explain the MFEs by combining different models 
[1,5,9,13,16] since each model might be the major mechanism under only a particular 
condition. In fact, most of the studies reported earlier were focused on the steady-state 
investigation (in which OLEDs were driven by a constant voltage or current source). 
However, the transient method (in which OLEDs were driven by a pulse voltage) has 
not been paid much attention in the MFEs investigation, even though it could act as a 
significant method to investigate the charge kinetics.  
The transient method has been used intensively for decades to study the charge 
processes in organic semiconductors such as charge injection, transport, 
recombination, and excitons decay [18-26]. Barth et al. and other groups have studied 
the carriers mobility by measuring the onset time of the EL pulse of the OLEDs 
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driven by a rectangular pulse voltage [18,21]. Luo et al. have studied the delay 
fluorescence by analyzing the tail of the transient EL signals [22,23]. Indeed, the 
transient method has some superiorities compared to the steady-state method, due to 
the fact that different charge processes occur in different periods of the pulse. Whether 
or not these processes are magnetic field dependent could be investigated by 
measuring the transient signals when the magnetic field is either on or off. In our 
previous work [24], we have investigated the MFEs on the carriers’ mobility and the 
bimolecular recombination by the transient method. The purpose of this paper is to 
investigate the MFEs on the transient EL and analyze the time-resolved MELs. The 
time-resolved MEL was obtained by 
MEL(t)=ΔEL(t)/EL(t,0)=[EL(t,B)-EL(t,0)]/EL(t,0) from the EL curves with and 
without the magnetic field. Furthermore, we provide a model to detail the charge 
processes and theoretically simulate the time-resolved MELs data. 
In this work, Alq3 based devices with the structure (see in the insert (c) of figure 
1) of indium tin oxide (ITO)/N,N-di-1-naphthyl-N,N-diphenylbenzidine (NPB 50 nm)/ 
Alq3 : 10-(2-Benzothiazolyl)-2,3,6,7- tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-(1) 
benzopyropyrano ( 6, 7-8-I, j ) quinolizin -11-one (C545T) (5 wt. %, 30 nm)/ Alq3 
(40nm) /LiF (0.8nm)/Al (100nm) were fabricated by using the multiple-source 
organic molecular beam deposition method. Immediately after fabrication, the devices 
were placed on a Teflon stage between the poles of an electromagnet for the MELs 
measurement. We used an Agilent 8114A pulse generator (100 v/2 A) to apply 
rectangular pulse voltages to our devices. The pulse repetition rate was 1 KHz with a 
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width of 4 μs. The light output of the devices was collected by a lens coupled with the 
optical fiber (2 m) connected to a Hamamatsu photomultiplier (H5783P–01, time 
resolution: 0.78 ns). The photomultiplier was placed far away from the electromagnet 
and was connected to one of the channel of a digital oscilloscope (Tektronix 
DPO7104, sampling rate: 5 GS/s; resolution:100 μV) with a 50 Ω input resistance. All 
measurements were carried out at room temperature under ambient condition. 
Figure 1 shows a set of transient EL signals of the device driven by the pulse 
voltages ranging from 5 V to 15 V with the magnetic field of 150 mT being on (red 
line) and off (black line). We can see that the final overshoots of the EL pulses can be 
seen at all voltages (see the inserts (a) and (b) of figure 1), while the initial overshoots 
are only observed at the voltages above 11 V and become remarkable as the voltage 
increases. The values of MELs are positive at the voltages below 11 V (see the insert 
(b) of figure 1) and turn from positive at the initial overshoot region to negative at the 
flat region (see the insert (a) of figure 1) with the time at the voltages above 11 V.  
Figure 2 shows the time-resolved MELs with various driving pulse voltages (6 V, 
10 V and 15 V). It can be seen that the MEL curves show similar behaviors at the 
pulse-off period (t > 4 μs). A sudden rise followed by saturation appears for all driving 
voltages. However, at the pulse-duration period (t = 0~4 μs), the MEL curves show 
very different behaviors. In this period the MELs decrease with the time and the 
decreasing slope is proportional to the driving voltage. Negative MELs are seen when 
the driving voltage is high enough (V > 11V in our experiment). 
To analyze the time-resolved MELs, the charge carriers and excitons population 
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dynamics in the devices driven by the pulse voltages need to be considered. Generally, 
the excitons population dynamics in organic semiconductor devices involve 
triplet-triplet annihilation (TTA), triplet-polaron interaction (TPI), excitons 
dissociation (ED), singlet-polaron interaction (SPI), radiate decay (RD) and 
non-radiate decay (NRD) of the excitons, intersystem crossing (ISC), and the 
triplet-singlet interaction (TSI) etc.. Figure 3 shows the schematic diagram of the 
charge and excitons kinetics in the emitting layer. For simplicity, the diffusion process 
in the interface and other faint interactions such as SPI and triplet dissociation have 
been ignored. 
Herein, we provide a model based on the bimolecular recombination to analyze 
the time-resolved MELs. When the rectangle pulse voltage arrives, the charge carriers 
are injected into the electrode, drift in the transport layer and fill up the traps, then 
recombine with the opposite-charge carriers to build singlets and triplets with the ratio 
of 1:3 according to the spin statistics rule [6]. The population dynamic of the free 
charge carriers could be expressed as:  
2)( n
ed
tJ
dt
dn γ−=                                                       (1) 
Where n is the density of the free charge carriers (electrons or holes), J(t) is the 
injection current density as a function of time, e=1.6*10^(-19) is the charge of the 
carriers, d represent the width of the recombination region, and γ is the recombination 
rate [27]. 
The triplet and singlet population dynamics in the device involve TTA, TPI, RD, 
NRD, TSI and ISC etc.. These processes could be expressed as: 
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0*** S_ SSTT TTK +⎯⎯ →⎯+            singlet channel of triplet-triplet annihilation 
0**** T_ STTT TTK +⎯⎯ →⎯+           triplet channel of triplet-triplet annihilation 
*0* PSPT TPK +⎯→⎯+              triplet-polaron interaction 
0**** STTS TSK +⎯→⎯+             triplet-singlet interaction 
phononST TK +⎯→⎯ 0*             non-radiate decay of triplets 
heS K +⎯→⎯ d*                    dissociation of singlets 
photonSS K +⎯→⎯ 0* S              radiate decay of singlets 
** ISC TS K⎯→⎯                     intersystem crossing 
In consideration of the excitons kinetics above, the triplet density could be written as: 
nTKTKKTKSKn
dt
dT
TPSTTTTTTisc −+−−+=
2
__
2 )2(
4
3 γ                      (2) 
Where T is the triplet density and S represents the singlet density, Kisc is the ISC rate, 
KT is the NRD rate of the triplet, and KTT_T and KTT_S represent the TTA rate of the 
singlet channel and triplet channel, respectively. The singlet channel of the TTA must 
satisfy the spin conservation requirement; that is, only two processes, T*m=0 + T*m=0 = 
S* + S0, and T*m=+1 + T*m=-1 = S* + S0, occur in the singlet channel [6], and the next 
four processes of TTA occur in the triplet channel, which leads to the ratio of the KTT_S 
to KTT_T as 1:2. KTP is the TPI rate. The constant 3/4 is controlled by the spin statistics 
rule.  
The singlet dynamic equation can be written as: 
22
_)(
4
1 TKTSKSKKKn
dt
dS
STTTSsdisc +−++−= γ                            (3) 
Where KS represents the singlet RD rate, Kd is the dissociation rate of singlet which 
can be affected by the electrical field, and KTS represents the TSI rate. Finally, the 
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constant 1/4 is dependent on the spin statistics rule.  
Given the ordinary differential equations (1), (2), and (3), we can simulate the 
singlet and triplet population dynamics. It has to be mentioned that the parameter Ka 
= (Kisc + Kd + Ks) was used in this simulation. Some of the rate constants in this 
simulation were obtained from the literature data for the typical doped systems 
[27-29]. According to the published works, the action rate constants in this simulation 
are magnetic field independent, except for Kisc, KTT_S, and KTP. The MFEs on the Kisc 
were suggested by Kalinowski et al. [1]. Johnson and Merrifield et al. suggested that 
the singlet channel of the TTA could be affected by an external magnetic field [30-32]. 
Gillin et. al. proposed that an external magnetic field could affect the KTP [9]. 
However, our previous work demonstrated that the TPI model could not be a major 
mechanism of the MEL in our experiment conditions [33], thus only the rates Kisc and 
KTT_S are functions of the external magnetic field in the simulation. By setting n=0, 
S=0, and T=0 at zero-time (corresponding to the time of EL onset, tEL_onset) as the 
initial conditions of the differential equations and adjusting the Ka and KTT_S to 
different values for the magnetic field being on and off, we simultaneously obtain the 
numerical solutions of the ordinary differential equations (1), (2) and (3). The 
calculated triplet and singlet densities for the pulse-duration period are shown in 
figure 4 (a) and figure 4 (b), respectively. The black line and red line represent the 
calculated results with the magnetic field being on and off, respectively. Particularly, 
the time-resolved singlet density could be regarded as the time-resolved EL because 
only the singlet could radiately decay in the fluorescent materials according to the 
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spin select rule. 
From figure 4 (a), we can see that the triplet density is small at the beginning of 
the pulse-duration period. Because the TTA is quadratic proportional to the triplet 
density [6], the TTA process at this period can be ignored and has little contribution to 
the total MEL. The total MEL at the beginning of the pulse-duration period is 
attributed to the change of the Kisc (Ka in this paper). When the external magnetic field 
is present and larger than the hyperfine field, the degeneracy of the triplet substates is 
removed, leading to the reduced mixing between the singlet e-h pairs and triplet e-h 
pairs; thus, the singlet population increases [1], as shown in figure 4 (b). As the time 
increases, the triplet density increases, and the TTA process must be considered. The 
singlet channel of TTA could be suppressed by a high external magnetic field [32], 
leading to an increase of the triplet population and a decrease of the singlet population, 
as shown in figure 4 (a) and (b), respectively. With the increase of the triplet density, 
another unavoidable effect is the triplet-singlet interaction, which could induce the 
quenching of the singlet excitons [28,29]. This is the reason that the initial overshoot 
exists at the beginning of the EL pulse. Figure 4 (c) shows the experimental results. 
We can see that our simulation results (figure 4 (b)) coincide perfectly with the 
experimental data. During the simulation, we solely adjusted the Ka(B) and KTT_S(B) 
for both with and without the magnetic field. It turns out that the changing ratio of 
KTT_S(B) (- 5%) is very close to the value calculated from literature data [17,34]. All 
the values of the parameters used in this simulation are shown in figure 4.  
By the same process, we obtained the simulation results for the driving pulse 
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voltage of 6 V and 10 V. Figure 5 shows the simulated time-resolved MELs together 
with the experimental data for various driving voltages (6V, 10V and 15V). The black 
line and red line represent the experimental and simulation results, respectively. As 
can be seen, they are consistent with each other. We found that combining the 
magnetic-field-modified ISC (positive effect) and TTA (negative effect) could ideally 
explain the time-resolved MELs. At the beginning of the pulse-duration period, 
because the triplet density is small, the magnetic-field-modified ISC is dominant. As 
the time increases, the density of triplet excitons increases. The 
magnetic-field-modified TTA becomes un-neglectable. Thus the total MEL declines 
with the time. At higher driving voltage, the density of triplet excitons increase more 
quickly with the time, which induces the decreasing slope of the MEL to become 
steeper. When the magnetic-field-modified TTA is dominant, the negative MEL can 
be seen. 
For the pulse-off period, it is unsuitable to analyze the time-resolved MELs by 
using the model provided above, because the pulse-off period involves trapped charge 
carriers and their detrapping process [19]. This will be analyzed elsewhere. 
Recently, Koopmans et al. have investigated the dependence of MC on the 
frequency of the applied magnetic field, which consists of a dc and ac component 
[35,36]. We have studied the time-resolved MEL by applying the pulse voltages. One 
focuses on the carriers’ transporting process, the other focuses on the carriers’ 
recombination process. Thus the two methods are very complementary to each other. 
In summary, we provided an alternative way (time-resolved MFEs) to study the 
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magnetic field effects of the OLEDs. To analyze the time-resolved MELs, we 
modeled the charge population dynamics. The simulation results coincide well with 
the experimental results. It is found that both the magnetic-field-modified ISC and 
TTA result in the time-resolved MELs. The method of time-resolved MFEs has strong 
potential for studying the underlying mechanisms of the MFEs in organic 
semiconductor devices.  
We are grateful for financial support from the National Natural Science 
Foundation of China (grant numbers 60878013). 
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Figure captions 
FIG.1. The transient EL responses of the device driven by various rectangular pulse 
voltages (repetition: 1 KHz; width: 4 μs) with the magnetic field (150 mT) being on 
(red line) and off (black line). The inserts (a) and (b) show the enlargement of the EL 
curves at the pulse-duration period when the driving voltages are 7 V and 15 V, 
respectively. The insert (c) is a scheme of the structure of the device. 
FIG. 2. The time-resolved MELs (calculated by MEL=[EL(t,B)-EL(t,0)]/EL(t,0)) of 
the device driven by various rectangular pulse (6 V, 10 V and 15 V).  
FIG. 3. Schematic diagram for carriers and excitons kinetics in the emitting layer. 
FIG. 4. The simulation results of the triplet (a) and singlet (b) density as a function of 
time with the magnetic field being on (red line) and off (black line) for the driving 
voltage of 15 V, all the values of the parameters used in the simulation are shown 
beside. (c) the experimental data of the EL response driven by a voltage of 15 V with 
the magnetic field of 150 mT turned on (red line) and off (black line).  
FIG. 5. The simulated time-resolved MELs (red line) and the experimental data (black 
line) at the pulse-duration period for various driving voltages (6 V, 10 V, and 15 V). 
The onset time of the EL (tEL_onset) and the corresponding currents density in the 
device at each voltage are shown in each part of the figure.  
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